The self-consistent proton-neutron quasiparticle random phase approximation approach is employed to calculate β-decay half-lives of neutron-rich even-even nuclei with 8 Z 30. A newly proposed nonlinear point-coupling effective interaction PC-PK1 is used in the calculations. It is found that the isoscalar proton-neutron pairing interaction can significantly reduce β-decay half-lives. With an isospin-dependent isoscalar proton-neutron pairing strength, our results well reproduce the experimental β-decay half-lives, although the pairing strength is not adjusted using the half-lives calculated in this study.
The nuclear β decay is an important property of nuclei, which can play an important role in nuclear physics and astrophysics. In nuclear physics, the investigation on β decay can provide information on spin and isospin properties of nuclear effective interaction as well as nuclear properties such as masses [1] , shapes [2] , and energy levels [3] . In astrophysics, about half of the nuclei heavier than Fe are synthesized by the rapid neutron-capture process (r process). The β-decay rates of nuclei on the r-process path set the time scale of the r-process, hence determine the production of heavy elements in the universe [4] [5] [6] .
With the development of radioactive ion beam facilities, the measurement of nuclear β-decay half-lives has achieved great progress in recent years [7] . For example, the measurements of the β-decay half-lives of neutron-rich nuclei in the vicinity of N = 28 and N = 50 shell closures [8] [9] [10] [11] . On the theoretical side, apart from the macroscopic gross theory [12] , two different microscopic approaches have been employed in the theoretical predictions of nuclear β-decay rates, i.e., the shell-model and the proton-neutron quasiparticle random phase approximation (QRPA).
The nuclear shell model can take into account the detailed structure of the β-strength function [6] , while the QRPA approach provides a systematic description of β-decay properties of heavy nuclei. The early phenomenological QRPA approaches for the β-decay halflives rely on separably effective nucleon-nucleon interactions, such as the QRPA approach based on the deformed Nilsson+BCS formalism [13] and on the finite-range droplet model (FRDM) with a folded Yukawa single-particle potential [14] . Recently, the self-consistent QRPA approach has received more attention, which is generally believed to possess better extrapolation ability than the phenomenological QRPA.
The self-consistent QRPA approach has been employed in the calculation of nuclear β-decay half-lives based on the extended Thomas-Fermi plus Strutinsky integral (ETFSI) model [15] , the Skyrme-Hartree-Fock-Bogoliubov (SHFB) model [16] , or the density functional of Fayans [17] . On the other hand, the relativistic model has also received wide attention due to many successes in describing lots of nuclear phenomena [18, 19] and successful applications in astrophysics [20] [21] [22] . In the relativistic framework, there are two widely used models, i.e., the finite-range meson-exchange and zero-range point-coupling models. In the meson-exchange model, the QRPA has been developed based on the relativistic Hartree-Bogoliubov (RHB) approach [23] and employed in the calculation of β-decay half-lives of neutron-rich nuclei in the N ≈ 50 and N ≈ 82 regions [24, 25] . Moreover, the self-consistent relativistic QRPA was also developed based on the relativistic Hartree-FockBogoliubov (RHFB) theory [26, 27] and it has been used to calculate β-decay half-lives of neutron-rich even-even nuclei with 20 Z 50. With an isospin-dependent T = 0 protonneutron pairing interaction, the known half-lives are well reproduced in the whole region of 20 Z 50
In the point-coupling approach, the proton-neutron QRPA has been derived based on the effective Lagrangian with density-dependent couplings determined by chiral pion-nucleon dynamics [28] . In addition, the nonlinear point-coupling effective interactions have also received wide attention due to its successful description of lots of nuclear phenomena [29] . Recently, a new nonlinear point-coupling effective interaction, i.e., PC-PK1, was proposed, which well reproduces the properties of infinite nuclear matter and finite nuclei including the groundstate and low-lying excited states [30] [31] [32] [33] . Based on the nonlinear point-coupling effective interaction PC-PK1, the self-consistent QRPA has been formulated and was employed to calculate the β + /EC-decay half-lives of neutron-deficient Ar, Ca, Ti, Fe, Ni, Zn, Cd, and Sn isotopes [34] . The isospin-dependent pairing strength proposed in Ref. [27] predicts a constant values of V 0 for these neutron-deficient nuclei and the calculations found that their half-lives are indeed reproduced well by an universal pairing strength [34] .
In this work, we will calculate the β-decay half-lives of neutron-rich nuclei with the newly proposed effective interaction PC-PK1. The isospin-dependent pairing strength is adopted but the parameters are directly taken from those in Refs. [27, 34] , i.e., not again adjusted with the known half-lives of calculated nuclei in this work.
The relativistic proton-neutron QRPA has been formulated in Ref. [23] using the canonical single-nucleon basis of the RHB model for the meson-exchange effective interaction. Based on point-coupling relativistic Hartree-Bogoliubov theory, the self-consistent proton-neutron QRPA has also been established recently [28, 34] . Similar to Ref. [34] , isovector-vector interaction, direct one pion interaction and the corresponding zero-range counter term are included in the QRPA particle-hole (p-h) residual interaction. The specific expressions for these terms can be found in Ref. [34] .
For the particle-particle (p-p) residual interaction, the isovector (T = 1) and isoscalar (T = 0) proton-neutron pairing interactions are included in the QRPA calculations. In the T = 1 p-p channel, we employ a phenomenological pairing interaction, i.e., the pairing part of the Gogny force
with the parameter set D1S for µ i , W i , B i , H i , and M i [35] . For the T = 0 proton-neutron pairing interaction in the QRPA calculation, we employ a similar interaction as in the Refs. [16, 24, 25, 27, 34] :
The operatorˆ S=1,T =0 projects onto states with S = 1 and T = 0.
The strength parameter V 0 in Eq. (2) is usually determined by fitting to known half-lives of selected nucleus in each isotopic chain [24, 25] . However, very different values are found for different isotopic chains, which limits the prediction power of the model. For improving this dilemma, an isospin-dependent pairing strength V 0 was proposed in Ref. [27] , i.e., 
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In the allowed Gamow-Teller approximation, the β-decay half-life of an even-even nucleus is calculated with
where D = 6163.4 ± 3.8 s and g A = 1. The transition strength B m can be directly taken from the QRPA calculations. The integrated phase volume f (Z, E m ) is the same as that in Ref. [27] . The β-decay transition energy E m is calculated with
where E QRPA is the QRPA energy with respect to the ground state of the parent nucleus and corrected by the difference of the proton and neutron Fermi energies in the parent nucleus [27, 34] and ∆ np is the mass difference between neutron and proton. Since the emitted electron energy must be higher than its rest mass m e , the final states must be those with excitation energies E QRPA < ∆ np − m e = ∆ nH (∆ nH is the mass difference between the neutron and the hydrogen atom). Zn isotopes. This overestimation can be at least partially attributed to the neglect of T = 0 paring [16, 27] . In addition, by slightly modifying the spin-orbit terms in the DF3 functional, the modified functional DF3a has been developed and well describes the experimental data on spin-orbit splitting in magic and semimagic nuclei [37] . The available continuum QRPA calculations with DF3a agree well with the half-lives of both Fe and Zn isotopes. The overestimation of half-lives for Ni isotopes with neutron number before N = 50 shell closure is a common problem in self-consistent relativistic QRPA calculations, which is also found in RHB+QRPA model with the meson-exchange effective interactions [24, 25, 27] . By increasing the nucleon effective mass, half-lives of Ni isotopes can be reduced, hence become close to the experimental data. However, the increase of m * in relativistic model is limited by a realistic description of nuclear matter equation of state and ground-state properties of finite nuclei [24, 25] . Therefore, some other effects in mean field framework, such as tensor force, and the effects beyond the mean field, such as the particle vibration coupling effect, should be investigated for better reproducing nuclear β-decay half-lives. For S isotopes, it was indicated that 40 S and 42 S are deformed γ-soft nuclei, while 44 S exhibits shape mixing in the low-lying states [40, 41] . Since we ignore deformation in present calculation, the discrepancy between theoretical results and experimental data may originate from the effect of deformation for S isotopes. With phenomenological QRPA model, it has been found that the inclusion of deformation indeed reduces the calculated half-lives [8] .
In summary, self-consistent proton-neutron quasiparticle random phase approximation approach is employed to calculate the nuclear β-decay half-lives with the relativistic nonlinear point-coupling effective interaction PC-PK1. It is found that the nuclear β-decay half- 
